Chronic active Epstein-Barr virus (CAEBV) infection is a systemic Epstein-Barr virus (EBV)-positive lymphoproliferative disorder characterized by persistent or recurrent infectious mononucleosis-like symptoms in patients with no known immunodeficiency. The detailed pathogenesis of the disease is unknown and no standard treatment regimen has been developed. EBV gene expression was analysed in peripheral blood samples collected from 24 patients with CAEBV infection. The expression levels of six latent and two lytic EBV genes were quantified by real-time RT-PCR. EBV-encoded small RNA 1 and BamHI-A rightward transcripts were abundantly detected in all patients, and latent membrane protein (LMP) 2 was observed in most patients. EBV nuclear antigen (EBNA) 1 and LMP1 were detected less frequently and were expressed at lower levels. EBNA2 and the two lytic genes were not detected in any of the patients. The pattern of latent gene expression was determined to be latency type II. EBNA1 was detected more frequently and at higher levels in the clinically active patients. Quantifying EBV gene expression is useful in clarifying the pathogenesis of CAEBV infection and may provide information regarding a patient's disease prognosis, as well as possible therapeutic interventions.
INTRODUCTION
Epstein-Barr virus (EBV) is the causative agent of infectious mononucleosis and is associated with several malignancies, including Burkitt's lymphoma, Hodgkin's lymphoma, nasopharyngeal carcinoma and post-transplant lymphoproliferative disorders (Cohen, 2000; Williams & Crawford, 2006) . Chronic active EBV (CAEBV) infection is a systemic EBV-positive lymphoproliferative disorder characterized by persistent or recurrent infectious mononucleosis-like symptoms in patients with no known immunodeficiency (Kimura, 2006; Okano et al., 2005; Straus, 1988; Tosato et al., 1985) . The clonal expansion of EBV-infected T cells or natural killer (NK) cells plays a pathogenic role in patients with CAEBV, particularly among those in east Asia or central America (Kanegane et al., 2002; Kimura, 2006; Quintanilla-Martinez et al., 2000) . These patients can be classified into two groups based on the predominantly infected cell type, T cells or NK cells (Kimura et al., 2001 . Nonetheless, the detailed pathogenesis of CAEBV remains elusive and no standard treatment regimen has been developed. Recently, haematopoietic stem cell transplantation (HSCT) was introduced as a curative therapy for CAEBV (Fujii et al., 2000; Okamura et al., 2000; Taketani et al., 2002) ; however, transplant-related complications are common in such patients (Gotoh et al., 2008; Kimura et al., 2001 Kimura et al., , 2003 . Alternatively, the EBV-related antigens expressed by infected cells are possible targets for treatment with EBVspecific cytotoxic T lymphocytes (CTLs) (Heslop et al., 1996; Rooney et al., 1998) . of Hodgkin's lymphoma and nasopharyngeal carcinoma, EBNA1, latent membrane protein (LMP) 1, LMP2, EBERs and BARTs are expressed (Brooks et al., 1992; Deacon et al., 1993) . In latency type III, which is associated with posttransplant lymphoproliferative disorders, all of the above latent genes (EBNA1, EBNA2, EBNA3A, 3B, 3C, EBNA-LP, LMP1, LMP2, EBERs and BARTs) are expressed (Young et al., 1989) .
We recently reported that EBV gene expression could be quantitatively assessed by multiplex real-time RT-PCR (Kubota et al., 2008) . This method not only helps quantify EBV gene expression but also can be used to clarify the pathogenesis of EBV-associated diseases and to provide information about their prognosis and possible therapeutic interventions. Thus, in this study, we quantified the expression of six latent (EBNA1, EBNA2, LMP1, LMP2, EBER1 and BARTs) and two lytic [BZLF1 and glycoprotein (gp) 350/220] EBV genes in the peripheral blood of patients with CAEBV.
RESULTS
First, we quantified the expression of several EBV genes in B, T and NK cell lines by real-time RT-PCR (Fig. 1a) . In the EBV-positive B cell lines (Raji, LCL-1 and LCL-2), all six latent genes (EBNA1, EBNA2, LMP1, LMP2, EBER1 and BARTs) were detected, and the gene expression pattern was consistent with latency type III. Both lytic genes were detected in LCL-1 and -2 cells. However, none of the target genes was detected in BJAB, an EBV-negative cell line. EBNA1, LMP1, LMP2, EBER1 and BARTs, but not EBNA2, were detected in both the T ( and NK cell lines (SNK-1, -6, -10 and KAI-3). The pattern of expression in the T and NK cell lines was latency type II. Table 1 ), while NK-1, -2 and -3 are NK-cell-type cases (patients 14, 15 and 19 in Table 1 ).
BZLF1 was detected in three of four T-cell lines, while gp350/220 was not detected in any of the cell lines, indicating an abortive lytic cycle. These results are consistent with those from previous reports (Leenman et al., 2004; Tao et al., 1998; Tsuge et al., 1999; Zhang et al., 2003) , indicating the reliability of our system. We evaluated the sensitivity for each latent EBV gene using a cell mixture containing 1610 6 EBV-negative BJAB cells and 10-fold serial dilutions of LCL-1 with latency III. The detection limits for EBNA1, EBNA2, LMP1, LMP2, EBER1 and BARTs were 0.1, 0.1, 0.01, 0.01, 0.001 and 0.01 % of LCL-1 cells, respectively. To evaluate the sensitivity for lytic genes, cell mixtures containing BJAB and Akata cells with a lytic infection, induced by human immunoglobulin G, were used. The detection limits for BZLF1 and gp350/220 were 0.1 % of Akata cells.
Next, we analysed blood from three patients with acutephase infectious mononucleosis (Fig. 1b) . EBNA2, LMP1, LMP2, EBER1 and BARTs were detected in the PBMCs of the patients, whereas EBNA1 was detected in two patients. The gene expression pattern in each case was latency type III. BZLF1 was detected in one patient, whereas gp350/220 was not detected in any patient. Furthermore, we analysed the PBMCs of 23 healthy carriers. Four healthy carriers were positive for EBV DNA. Real-time RT-PCR detected EBER1 and BARTs in the PBMCs of one carrier, while EBER1 alone was detected in a single additional carrier. We next quantified the expression level of each gene in 24 patients with CAEBV. PBMCs collected at the time of diagnosis or referral were used in the analysis. The expression profiles of each patient are shown in Table 1 , while the positive rates for each EBV gene are summarized in Table 2 . EBER1 and BARTs were detected in each patient, while LMP2 was detected in most patients. EBNA1 and LMP1 were detected less frequently compared with EBER1 and BARTs (P,0.0001 and P50.004, respectively). EBNA2 and the lytic genes BZLF1 and gp350/220 were undetected in all of the patients. Representative DPatients with severe symptoms were defined as having a clinically active disease (A); patients with no symptoms or with only skin symptoms were defined as having an inactive disease (I). dIndicates the EBV DNA in the PBMCs used for real-time RT-PCR analysis; copies (mg DNA) 21 . §Infection was confirmed by in situ hybridization with EBER using fractionated cells.
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quantitative results for each EBV gene are shown in Fig. 1 (c).
The negative results obtained for EBNA1 and LMP1 raise the possibility that the test was not sensitive enough to detect low levels of expression. Therefore, we examined the correlation between the relative expression level for each gene and the EBV DNA load in the PBMCs (Fig. 2 ). For all of the EBV genes examined, the expression level correlated with the EBV DNA load. However, the samples with a low EBV DNA load were not always negative for EBNA1; similar findings were seen for LMP1.
To confirm the EBV gene expression profiles in various cell populations, we separated CD3 + , CD19 + and CD56 + cells from the PBMCs by immunomagnetic sorting and quantified the gene expression in each population by real-time RT-PCR using selected patients and healthy carriers. In one patient with T-cell-type CAEBV (patient 2 in Table 1; CD3 + CD56 + T cells harboured EBV), type II latent genes, such as EBNA1, LMP2, EBER1 and BARTs, were detected in both the CD3 + and CD56 + cell populations (Fig. 3a) . In a patient with NK-cell-type CAEBV (patient 14 in Table 1) , type II latent genes were detected primarily in the CD56 + population (Fig. 3b) . On the other hand, in a healthy carrier, EBER1 and BARTs were detected in the CD19 + population (presumed to be the B-cell fraction; Fig. 3c) . Importantly, the gene expression profiles in the mainly infected cells largely corresponded to those in the unsorted PBMCs in all three cases, suggesting that our PBMC data could be applied to the cells in the mainly infected population.
We next estimated the mean expression level for each EBV gene in 24 patients with CAEBV (Fig. 4a) . EBER1 had the highest relative expression level, followed by BARTs, LMP2 and EBNA1, whereas LMP1 had the lowest. Next, we compared the expression level for each EBV gene between the T-and NK-cell types of CAEBV (Fig. 4b ). No significant difference was found, although LMP2 expression tended to be higher in the T-cell type (P50.09). We also compared the expression levels between the clinically active patients, who presented with severe symptoms at the time of sample collection, and clinically inactive patients (Fig. 4c) . EBNA1 expression was 8.3 times higher in the active patients than in the inactive patients (P50.02). Additionally, the rate of EBNA1-positive patients in the active group was significantly higher (75 versus 25 %; P50.03). On the other hand, there was no difference in EBV DNA load in the peripheral blood between the active and inactive groups [10 4.4 versus 10 4.5 copies (mg DNA)
21
; P50.85]. We also investigated whether EBV gene expression at the time of diagnosis or referral to our hospital was associated with the subsequent disease outcome. We divided the patients into three groups: survivors without HSCT, survivors with HSCT and nonsurvivors. No significant difference was observed in the gene expression profiles of the three groups (Fig. 4d) . Finally, to eliminate any potential influence of therapeutic interventions, we excluded six patients who had received therapy before entering our hospital and re-evaluated the expression of each gene in the remaining 18 patients. The level of EBNA1 expression in the active patients was 8.2 times higher than that in the inactive patients (P50.03) and the rate of EBNA1-positive patients was significantly higher in the active group (83 versus 25 %; P50.04). We also re-evaluated the disease outcome in these 18 patients. No significant difference was observed in the gene expression profiles between the three groups according to outcome (data not shown).
DISCUSSION
Analysing the expression profile of EBV-related genes is essential to clarify the pathogenesis of EBV-associated diseases and to uncover information regarding the prognosis of individual patients and potential therapeutic interventions. In recent years, a quantitative method for the analysis of EBV gene expression has been applied to infectious mononucleosis (Weinberger et al., 2004 ), Burkitt's lymphoma and nasopharyngeal carcinoma (Bell et al., 2006) . In the present study, we quantified the expression of six latent genes and two lytic genes in 24 patients with CAEBV using one-step multiplex real-time RT-PCR. To our knowledge, this is the first study to quantify EBV gene expression in CAEBV patients. EBNA1, LMP1, LMP2, EBER1 and BARTs were detected in the patient samples, whereas EBNA2 and the two lytic genes were not detected. The gene expression pattern was latency type II, consistent with previous qualitative RT-PCR results . Because the lytic genes BZLF1 and gp350/220 were undetected, a lytic infection is unlikely in the peripheral blood of the CAEBV patients. EBER1 and BARTs were detected in abundance in all patients, while LMP2 was found in most patients. EBNA1 and LMP1 were less frequently detected and had lower expression levels than EBER1 and BARTs. These results are in contrast with similar analyses using T or NK cell lines, in which EBNA1, LMP1, LMP2, EBER1 and BARTs were abundantly and comparably expressed. EBNA1, EBNA2 and EBNA3C are the dominant targets of CD4 + T-cell responses, while EBNA3A, EBNA3B and EBNA3C are the dominant targets of CD8 + T-cell responses (Hislop et al., 2007) . In those patients with CAEBV, most or all of these antigens were not expressed, contributing to the evasion of cellular immunity. The decreased frequency and low expression level of EBNA1 may also contribute to the immunological escape mechanism of CAEBV.
The expression profile identified in this study may be useful for obtaining information regarding potential immunotherapies. The EBV-related antigens expressed by infected cells are possible targets for treatment with EBVspecific CTLs. Several studies have reported the use of such therapies for CAEBV, but most have shown only limited effectiveness (Hagihara et al., 2003; Kuzushima et al., 1996; Savoldo et al., 2002) . These studies used EBV-specific CTLs that were generated from LCL and targeted latency type III antigens. Our results indicate that EBER1 and BARTs were the most frequently and abundantly expressed EBV genes, followed by LMP2. Because very little EBER1 and BARTs mRNA is translated into protein (Arrand & Rymo, 1982; , LMP2 would be the most favourable target for CTL therapy against CAEBV. Recently, EBV-specific CTLs targeted against LMP2 were used to treat Hodgkin's lymphoma and nasopharyngeal carcinoma, both of which are latency type II infections (Bollard et al., 2004 (Bollard et al., , 2007 Straathof et al., 2005) . Furthermore, patients with CAEBV generally lack LMP2-specific CTLs (Sugaya et al., 2004) . However, to develop effective and useful forms of immunotherapy, additional studies focusing on the nature of the infected cells and the underlying pathology of CAEBV are necessary.
In this study, we quantified the relative expression of EBV latent and lytic genes by real-time RT-PCR. There are a few drawbacks to our system. Firstly, we used b2-microglobulin (b2 m) as a reference for relative quantification; however, comparisons of the levels of expression between different genes may be compromised by variations in the efficiency of the primers used. Another option for such quantification is preparing a standard curve for each cDNA by diluting the plasmid and estimating the number of RNA copies to quantify the expression of each gene more accurately. Secondly, we determined the type of latency based on the patterns of viral gene expression. Promoter usage for EBNA1 is different between latency types I/II and III (Qp versus Cp) . Primers capable of distinguishing between the two EBNA1 promoters would enable us to confirm the type of latency more accurately. Bell et al. (2006) used such a system to distinguish latency types and quantify gene expression using different EBNA1 primers.
There are several possible reasons why EBNA1 and LMP1 were detected less frequently in our analysis. First, EBVinfected T or NK cells in some patients with CAEBV may indeed express very little LMP1 or EBNA1. A previous experiment performed using nested RT-PCR, which is sensitive but not quantitative, showed that these genes were expressed in less than half of CAEBV patients . Second, the sensitivity of the test may be too low to detect these genes. However, those samples with a low EBV DNA load in this study were not always negative for EBNA1 or LMP1, indicating that low sensitivity was not the only reason that the expression of these genes was not detected. Moreover, EBV polymorphisms may have affected our results. Indeed, the primers used for LMP1 are specific for polymorphic regions (Kubota et al., 2008) . However, we used mixed primers for LMP1 to account for sequence variations, and the EBNA1 primers were designed to recognize fairly conserved regions. Furthermore, we also examined EBNA1-or LMP1-negative samples by nested RT-PCR using alternate primer sets (Kimura et al., 2005) .
Neither EBNA1 nor LMP1 was detected in any of the samples by nested PCR (data not shown).
EBNA1 was detected more frequently and abundantly in the clinically active patients. EBNA1 is the only EBV protein consistently expressed in all proliferating cells, and it plays central roles in the maintenance and replication of the episomal EBV genome. EBNA1 also has a role in cell growth and survival ThorleyLawson & Gross, 2004) . Recently, Saridakis et al. (2005) demonstrated that EBNA1 inhibits apoptosis by binding to USP7, which destabilizes p53. Together with our results, these findings suggest that EBNA1 plays an important part in the pathogenesis and symptoms of CAEBV.
EBV gene expression has been shown to be related to the prognosis of EBV-associated diseases. Kwon et al. (2006) evaluated EBER and LMP1 expression in patients with Hodgkin's lymphoma, while Tsang et al. (2003) reported a relationship between the recurrence and detection of LMP1 in patients with nasopharyngeal carcinoma. Similarly, we evaluated the relationship between EBV gene expression and the prognosis of CAEBV, but were unable to identify a significant link. Other factors that may have influenced the results of this study include the small sample size, short observation period and therapeutic interventions such as HSCT. Additional studies with a greater number of cases and a longer observation period are necessary to reach conclusions about the prognostic value of EBV gene quantification for CAEBV. In conclusion, we applied a real-time RT-PCR system to PBMCs from patients with CAEBV and identified the expression profiles of several EBV genes. Quantifying EBV gene expression may be useful in clarifying CAEBV pathogenesis and provide further information about therapeutic interventions, such as CTL therapy.
METHODS
Cell lines. The EBV-positive B cell lines used in this study were Raji, Akata, lymphoblastoid cell line (LCL)-1 and LCL-2. BJAB, an EBVnegative B cell line, was used as a negative control. The EBV-positive T cell lines used were SNT-8, -13, -15 and -16 (Zhang et al., 2003) . The EBV-positive NK cell lines used were SNK-1, -6 and -10 (Zhang et al., 2003) and KAI-3 (Tsuge et al., 1999) . The T/NK cell lines were derived from patients with CAEBV or nasal NK-/T-cell lymphomas.
Patients. Twenty-four patients (13 males and 11 females) with CAEBV, ranging in age from 3 to 26 years (median age 13 years), were enrolled in this study (Table 1) . Each patient met the following diagnostic criteria: EBV-related symptoms for at least 6 months (e.g. fever, persistent hepatitis, extensive lymphadenopathy, hepatosplenomegaly, pancytopenia, uveitis, interstitial pneumonia, hydroa vacciniforme or hypersensitivity to mosquito bites), an increased EBV load in either the affected tissue or peripheral blood, and no evidence of previous immunological abnormalities or other recent infections that could explain the condition (Kimura, 2006; Kimura et al., 2001) . Based on the infected cell type, 13 patients were identified as having T-cell-type CAEBV, while 11 were identified as having NK-cell-type CAEBV. To determine which cells harboured the most EBV, peripheral blood mononuclear cells (PBMCs) were fractionated into CD3 + , CD19
+ and CD56 + cells and analysed by either quantitative PCR or in situ hybridization, using EBER1 as a probe, as described previously (Kimura et al., 2001 + cells, were the major cells harbouring EBV. The EBV DNA copy numbers in each cell population are shown in Table 1 .
Peripheral blood was collected at the time of diagnosis or referral to our hospital. Six of 24 patients had already received steroid therapy or chemotherapy. PBMCs were isolated using Ficoll-Paque density gradients (Pharmacia Biotech) and stored at 280 uC until further use. Eight patients with severe symptoms such as high fever, distinct hepatosplenomegaly, and/or elevated hepatic transaminase levels at the time of sample collection were defined as having clinically active disease, while 16 patients with no symptoms or with only skin symptoms, including hydroa vacciniforme, were defined as having inactive disease. Eight of the patients died after 1-49 months of observation (median 14 months). Sixteen of the patients, 10 of whom received HSCT, were alive after 9-115 months of observation (median 28 months). Twenty-three healthy carrier volunteers who were seropositive for EBV and three patients with infectious mononucleosis (aged 5, 11 and 29 years) were enrolled as controls.
Informed consent was obtained from all patients or their guardians. The institutional review board of Nagoya University Hospital approved the use of the specimens that were examined in this study.
Real-time PCR assay. DNA was extracted from 1610 6 PBMCs using a QIAmp blood mini kit (Qiagen). EBV DNA was quantified by real-time PCR as described previously. The viral load is expressed as the number of copies (mg DNA)
21 (Kimura et al., 1999) .
RNA was extracted from 1610 6 cells using a QIAmp RNeasy mini kit (Qiagen). Contaminating DNA was removed by on-column DNase digestion using the RNase-free DNase set (Qiagen) (Kubota et al., 2008) . Viral mRNA expression was quantified by one-step multiplex real-time RT-PCR using an Mx3000P real-time PCR system (Stratagene) as described previously (Kubota et al., 2008) . All of the primer/probe combinations, except those for EBER1 lacking an intron, were designed to span introns to avoid amplifying residual genomic DNA. The primer and probe sequences are listed in Supplementary Table S1 (available in JGV Online). The primers used for EBNA1, EBNA2, LMP1 and BZLF1, which were described previously (Kubota et al., 2008) , were modified according to sequence variations amongst the strains. The stably expressed housekeeping gene b2 m was used as an endogenous control and reference gene for relative quantification (Patel et al., 2004) .
Cell sorting and gene expression analysis. CD3 + , CD19
+ and CD56 + cells were separated from 1610 7 PBMCs by immunomagnetic sorting using anti-CD3, -CD19 and -CD56 MACS Microbeads, respectively (Miltenyi Biotec). After two rounds of sorting, the purity of the populations exceeded 95 %. RNA was extracted from each cell population for real-time RT-PCR analysis. For comparison, RNA was also extracted from unsorted PBMCs.
Statistical analyses. All statistical analyses were performed using StatView (version 5.0; SAS Institute). Geometric (logarithmic) means were calculated for the expression of each EBV gene. For the negative samples, the default value, which was defined as the lowest level of expression for a particular gene, was used for the calculation. The default values for the undetected genes EBNA1, LMP1 and LMP2 were 10 26 , 10 28 and 10 28 , respectively. The Mann-Whitney U-test was used to compare the expression levels between groups, while analysis of variance was used to compare three groups. Fisher's exact test was used to compare positive rates of gene expression. A regression analysis was used to compare the expression of each gene and the EBV DNA load. P-values ,0.05 were deemed to be statistically significant.
